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2 Additional phosphate adsorption series in competition with carbonate Within the uncertainty of the fitting procedure, the logK values presented in Table   S -4 are consistent amongst the different evaluation scales (less than 1% difference).
Testing for this consistency is important, as the response variable to be predicted by the model may differ from one situation to another (e.g. adsorption density vs solution concentration). The R 2 value and the root mean square error (RMSE) were used to evaluate the quality of the fitting and to compare the performance of the model under different alternative approaches.
In Table S Ɨ Average logK values ± the standard deviation (SD) found by fitting the data using four evaluation scales. The values of Option A are also given in Table 1 of the main text and were used for calculating the mode lines in the various figures * R 2 and root means square error (RMSE) obtained with the FIT program express the quality of the fitting of the data set.
According to the model, there is a small contribution of an additional species (either inner-sphere monodentate or outer-sphere). It is tempting to attribute this to the formation of outer-sphere complexes, since these have been observed with in-situ spectroscopy at the interfaces of Fe-(hydr)oxides 3 . These outer-sphere species are especially found at low ionic strength and low pH values. In most of our experiments, the conditions are different. Moreover, outer-sphere complexation is rather weak (low logKintrinsic) and will only occur at favorable electrostatic conditions. These are not plane (see Figure S -7) . This leads to a strong competition with any anion bound as an outer-sphere complex. As mentioned in the main text, a free search for the CD of the additional carbonate species points to monodentate complex formation (option A), however, using instead outer-sphere complexation (option B) also give a description of nearly the same quality. In the main text we have applied option A.
Open systems with constant pCO2
Grivé et al. 4 Fe-(hydr)oxide in 0.5 M NaClO4 solution at 25 o C was used to fix the activity of Fe 3+ (aq).
A two-line (2LFh) ferrihydrite material was produced. The product was dried in a nonspecified manner and then sieved to sizes between 50 and 100 µm or 50.000 and 100.000 nm, i.e. very large aggregates were used in an attempt to avoid colloidal material during the solubility experiments. The product had a BET surface area of ~200 m 2 g -1 meaning that the aggregates are porous considering their very large size. X-ray diffraction confirmed the presence of 2LFh. The reported solubility product is logQso = log (Fe 3+ ) + 3 log (OH -) = -40.8 ± 0.4 at zero ionic strength (I = 0). Equilibration was relatively slow and lasted typically at least two or more weeks.
The data set of Grivé et al. 4 is presented in Figure S 
At higher pH, the solubility increases suddenly and depends very strongly on the pCO2 and pH. This behavior can be understood from the formation of Fe(CO3)3 3-(aq)
according to:
S-10 The above behavior has been re-evaluated in order to be applied in our systems.
The fitted values for the formation constants of FeOHCO3 0 (aq) and Fe(CO3)3 3-(aq) are respectively logKFeOHCO3 = 24.86 (± 0.09) and logK Fe(CO3)3 = 24.86 (± 0.09), using the reactions defined above. NB. The numerical value of both logK values is coincidentally the same. The solubility product fitted for the Fe-(hydr)oxide material of Grivé et al. 4 is extremely low (logKso= -40.9) and difficult to attribute to 2LFh. Most other studies report for 2LFh and 6LFh a much higher solubility being typically about two orders of magnitude higher with logKso values that range from about -38.5 to -39.5. 5, 6 A recent interpretation of thermochemical data of Majzlan et al. 7 by Hiemstra 6 reveals the intrinsic logKso value for the solubility of Fh (logKso(bulk) = -40.6  0.1) when virtual present as a bulk material of infinite size. This logKso (bulk) value fits well with the logKso derived by Pinney et al. 8 using MO/DFT calculations. Moreover, actual Fh particles are nano-sized and therefore, will be significantly less stable than its virtual bulk material due to a significant surface Gibbs free energy contribution. 6 Using the recently derived surface Gibbs free energy values for goethite and hematite 6 in combination with the intrinsic logKso values for both materials, 9 we estimate that the observed solubility product (logKso= -40.9) is equivalent to spherical particles with a size of about 14  2 nm in the presence of nano-goethite or nano-
hematite. This size is beyond the critical size of 8 nm for thermodynamic stability of Fh 6 . This is illustrated in Figure S-3 . Therefore, we hypothesize that the material of Grivé et al. 4 is likely to be 2LFh aggregated in extremely large particles (50.000 -100.000 nm) whose surfaces have transformed into a more crystalline material, while still being a nano-size, but with a much lower solubility due to the higher crystallinity. 
Closed systems
The above-derived formation constants for the aqueous Fe(III)-CO3 complexes reported by Grivé et al. 4 can be used in evaluating the Fh solubility for our systems.
Our closed systems have constant total CO3 concentrations, while the pH varies. In this respect, our systems are different from the systems of Grivé et al. 4 . In closed systems the pCO2 varies with changes in pH, whereas in the open systems of Grivé et al. 4 the pCO2 is constant, leading to a simultaneous increase of the total CO3
concentrations when the pH increases.
In Figure 1 of the main text, the measured concentration of dissolved Fe is given as a function of pH for systems with different levels of added CO3. The ionic strength in the systems has been fixed to 0.5 M by the addition of appropriate amounts of NaNO3. The experimental data at the lowest total CO3 concentrations are close to the detection limit of Fe (dashed line) with ICP-MS. The value of the detection limit is relatively high (log CFe,total = -7 M) for our systems because dilution (50x) was needed to reduce the salt load during the analytical measurements. Therefore, we can only evaluate the solubility of our Fh in 0.1 and 0.5 M CO3 solutions. These solutions also contain some PO4. The Fh used has been probed with PO4 to determine the specific surface area, yielding A = 765 m 2 g -1 at a molar mass Mnano = 98.79 g mol - The fitted logK value for this reaction is logKFe(CO3)2(OH)2 = 31.78  0.13.
Simultaneously, the solubility of our Fh has been derived by fitting, resulting in logQso= -38.55  0.08. The quality of the description is very good (R 2 = 0.97, RMSE =0.16).
The solubility obtained for our Fh is in good agreement with the particle size infinite size. 6 An overview of the formation constants used in our modeling is given in were taken from Table 1 (main text), whereas the parameters for PO4 and AsO4 are from Hiemstra and Zhao. 1 The ionic strength was in all the systems I = 0.5 M, using NaNO3 as background electrolyte. Table 1 of the main text was used in the calculations. The ionic strength of the systems was fixed at 0.10 M by adding the corresponding amounts of NaNO3. BC= Bidentate carbonate complex; BCNa= Bidentate carbonate complex with Na; MC= Monodentate carbonate complex. Table   1 of the main text. The specific surface area of Fh was set to SSA = 600 m 2 g -1 . With our modeling, we reproduced very well the observed pH dependence of the CO3 adsorption in this data set. The maximum adsorption of CO3 to Fh occurs at pH ~6.5.
Below this pH value, the adsorption of CO3 decreases markedly. The observed pHdependency of the CO3 adsorption, with a maximum in the adsorption edge, is related to the change in the solution speciation of CO3.
At pH values below ~7.0, the description of the CO3 adsorption to ferrihydrite slightly improves when the formation of outer-sphere complexes is considered in the modeling, instead of the monodentate inner-sphere complex (red dotted lines). The formation of outer-sphere complexes can be favored in conditions of low pH and low ionic strength levels, especially in the absence of competitor anions such as PO4.
As observed in Figure S-6 , overestimations of the percentage of CO3 adsorption are predicted by the model at higher pH values (pH > 7.0). A lower logK value than the reported in Table 1 (main text) for the formation reaction of the BC surface complex is needed to improve the description of the experimental data. However, the study of Zachara et al. 10 was performed with CO3[T] at the µM level (i.e. 10 3 -10 5 times lower than in the present study), measuring 14 C scintillation and assuming no other source of CO3 in the system than the added. The data are rather unreliable, as follows from the large scattering. Despite these methodological considerations and the evident uncertainty in the CO3 adsorption measurements, the work of Zachara et al. 10 has been used since then as a reference to model the effect of CO3 on the adsorption of other S-18
ions to Fh (e.g. UO2 2+ and AsO4 3-) [11] [12] [13] . The lack of reliable CO3 adsorption data to Fh underlies the relevance of our present contribution. 
In equation (4), B is an empirical constant (B = 37 pm), R (pm) is the bond length distance and Ro (pm) is a reference distance calibrated for each element using the sum bond valence rule. complexes used in our model: CO3 bidentate (BC), NaCO3 bidentate (BCNa) and CO3 monodentate (MC).
S-20
From the  values, the bond valence coefficients (n0 and n1) can be calculated, and after considering the charge contribution of the protons involved in the formation reaction (nH0 and nH1), and a correction for the interfacial water dipole orientation, then the interfacial charge distribution coefficients (Δz0 and Δz1) are derived. The n0 and n1 coefficients and the final Δz0 and Δz1 values are presented in Table 2 of the main text. 
BC BCNa
The interaction of PO4 with CO3 at the solid-solution interface of ferrihydrite affects both the total amount of CO3 adsorbed and the surface speciation of this oxyanion. For instance, as shown in Figure 5 Table 1 of the main text.
For systems with an ionic strength of I = 0.5 M, the decreases in the inner Stern plane potential 1 upon specific anion adsorption is less pronounced than for the in binary adsorption systems with a higher ionic strength.
